We recently identified a novel prostaglandin transporter called PGT (Kanai, N., Lu, R., Satriano, J. A., Bao, Y., Wolkoff, A. W., and Schuster, V. L. (1995) Science 268, 866 -869). Based on initial functional studies, we have hypothesized that PGT might mediate the release of newly synthesized prostaglandins (PG), epithelial transport of PGs, or metabolic clearance of PGs. Here we examined the mechanism of PGT transport as expressed in HeLa cells and Xenopus oocytes, using isotopic PG influx and efflux studies. In both native HeLa cells and oocytes, cell membranes were poorly permeable to PGs. In contrast, in oocytes injected with PGT mRNA, the PG influx permeability coefficient was 90 -157 times that of oocytes injected with water. The rank order substrate profile was PGF 2␣ Ϸ PGE 2 > TXB 2 > > 6 keto-PGF 1␣ . PG influx displayed an overshoot with rapid accumulation of tracer PGE 2 , followed by a gradual return to baseline. Based on estimated oocyte volumes, the PGT-mediated accumulation of PGE 2 reached steady state at intraoocyte concentrations 25-fold higher than the external media. The accumulation of PG was not due to intracellular binding or metabolism. PGT-mediated uptake was ATP-and temperature-dependent, but not sodium-dependent, and was inhibited by disulfonic stilbenes, niflumic acid, and the thiol reactive anion MTSES (Na(2-sulfonatoethyl)methanethiosulfonate). 
and thromboxanes have broad physiologic and pathophysiologic effects, regulating cellular processes in nearly every tissue. They elicit potent actions on the cardiovascular, gastrointestinal, respiratory and reproductive systems, and are important mediators of inflammation, fever, and pain (2) . As autacoids, PGs are synthesized by intracellular enzymes at or near their sites of action before they are presented to adjacent PG receptors. Thereafter, extracellular PGs are metabolized in situ within seconds before they are able to reach the general circulation (3, 4) . At least in the case of PGE 2 and PGF 2␣ , loss of biologic activity is due to cellular uptake followed by intracellular oxidation (5) (6) (7) (8) .
At physiologic pH, PGs predominate as the charged organic anion (9) and diffuse poorly through the lipid bilayer (10, 11) . Facilitated, carrier-mediated PG transport has been demonstrated by many diverse tissues including the lung (8, 12) , liver (13) , kidney (14) , vagina and uterus (15) , and blood-brain and blood-intraocular fluid barriers (16) .
The clearance and metabolism of PGs from the pulmonary circulation has been widely studied using the isolated, perfused rat lung model where concentrative uptake of PGs has been described followed by the appearance of metabolites in the venous effluent (8, 17) . Substances that inhibit PG transport reduce PG inactivation by the lung (18) . Moreover, whereas PGE 1 , PGF 2␣ , PGD 2 , and PGI 2 are all good substrates for the oxidizing enzyme 15-hydroxyprostaglandin dehydrogenase, PGI 2 escapes pulmonary metabolism (8) . These phenomena are best explained by selective, carrier-mediated PG transport.
Transepithelial PG transport has also been clearly demonstrated in several tissues. In the brain where PGs are ineffectively metabolized (19) , accumulation of PGs in the extracellular fluids of the brain would be expected to have adverse effects. Transepithelial transport of PGs across the blood-brain barrier to sites of cellular uptake and metabolism would therefore be necessary for removal of locally released PGs. Indeed, saturable and inhibitable carrier-mediated transport of PG has been demonstrated in tissues of the blood-brain and blood-intraocular fluid barriers, as well as across the rabbit vagina (20, 21) , and the renal proximal tubule (14) .
It is less clear if a carrier-mediated process facilitates the release of intracellular PGs across the cell membrane. Newly synthesized PGs, localized in the cell cytosol (22) , might exit from the cell via a permease or via diffusion through the plasma membrane. On the other hand, as PGs are synthesized on the luminal surface of the endoplasmic reticulum they may conceivably be released from the lumen of the ER via fusion with the plasma membrane in a sort of "secretory pathway."
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transfected HeLa cells and in PGT-expressing Xenopus laevis oocytes. Our results provide evidence for active, energy-dependent accumulation of PGs as the organic anion via an exchange mechanism.
EXPERIMENTAL PROCEDURES

Materials
All salts were of analytic grade, and were purchased from Sigma. Succinic acid, malic acid, glutamic acid, ␣-ketoglutaric acid, aspartic acid, fumaric acid, oxaloacetic acid, and lactic acid were purchased from Sigma. The disulfonic stilbenes H 2 -DIDS and DIDS were purchased from Pierce (Rockford, IL), niflumic acid was purchased from Sigma, and MTSES Ϫ /MTSEA ϩ were purchased from Toronto Research Chemicals Inc. (Ontario, Canada). Tritiated PGs were from NEN Life Science Products Inc. (Boston, MA). All chemicals were of the purest grade available.
Transient Expression in HeLa Cells
Full-length PGT cDNAs cloned in pGEM-3z with coding strand downstream of the T7 promoter were transfected into HeLa cells. Cells grown to 80% confluence on 35-mm dishes were infected with recombinant vaccinia virus vTF7-3 (23) for 30 min and then transfected by adding PGT cDNA (10 g/ml) and Lipofectin (20 l/ml, Life Technologies, Inc., Gaithersburg, MD). Transfection with the plasmid pBluescript was used as a negative control. After 3 h of incubation, the medium was changed (Dulbecco's modified Eagle medium plus 5% fetal bovine serum, 100 units/ml penicillin/streptomycin) and the cells were maintained overnight in humidified incubators with 5% CO 2 at 37°C. Isotopic influx and efflux experiments were performed 18 -22 h after transfection.
Transport Measurements in HeLa Cells
Influx Measurements-The cell monolayers were washed twice with a balanced salt solution (BSS) (135 mM NaCl, 13 mM H-Hepes, 13 mM Na-Hepes, 2.5 mM CaCl 2 , 1.2 mM MgCl 2 , 0.8 mM MgSO 4 , 5 mM KCl, and 28 mM D-glucose). Influx measurements were initiated by the addition of tritiated PGE 2 (NEN Life Science Products Inc.) to the flux media (BSS) to reach a final concentration of Ͻ1.5 nM, which is well below the Michaelis constant (K m ) for PGT (1) . Influx measurements were carried out at room temperature over 10 min to 2 h. Isotopic influx experiments were terminated by aspiration of the incubation media followed by two rapid washings with ice-cold 5% bovine serum albumin in BSS and two additional washings with ice-cold BSS. The cells were scraped into 1 ml of saline, mixed with liquid scintillation mixture (National Diagnostics, Atlanta, GA), and analyzed by liquid scintillation counting. Influx values in all experiments were calculated as femtomoles per mg of protein per nanomolar concentration [ 3 H]PGE 2 and expressed as means Ϯ S.E. from duplicate monolayers. In some experiments, uptake studies were performed in the presence of unlabeled substrates (succinic acid, malic acid, glutamic acid, ␣-ketoglutaric acid, aspartic acid, fumaric acid, oxaloacetic acid, and lactic acid).
Efflux Measurements-HeLa cell monolayers were preloaded with isotopic PGE 2 by incubation with [ 3 H]PGE 2 for 20 min prior to efflux measurements. Immediately after incubation, cells were washed twice with room temperature BSS to remove adherent [ 3 H]PGE 2 . At time 0, 1 ml of BSS was added to each monolayer. At each subsequent time interval (2-40-min intervals in different experiments) the 1 ml of efflux media was removed for scintillation counting and 1 ml of fresh BSS was added. At the end of the experiment, the cell monolayers were scraped and analyzed by scintillation counting. The remaining counts/min in the cells was added to the sum of the effluxed counts to estimate the amount of isotope loaded. Efflux rate constants were calculated from curve fitting with an iterative method (Deltagraph, Monterey, CA) using a single-exponential. In separate experiments, efflux was measured in BSS with various concentrations of unlabeled PGE 2 , or in BSS with unlabeled PGE 2 and 300 M DIDS or 50 M bromcresol green (BCG). DIDS and BCG were added for 2 min before unlabeled PGE 2 .
Oocyte Preparation and mRNA Injection
Mature female X. laevis frogs (Xenopus I, Ann Arbor, MI) were anesthetized by hypothermia and 0.4% topical tricane. Ovarian tissue was removed via a 1-cm flank incision, then minced and placed in 2 mg/ml collagenase A (Boehringer Mannheim, Indianapolis, IN) for 1-2 h at 20°C with gentle continuous agitation to remove the follicular layer. The oocytes were then washed with ND96 (96 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 5 mM Hepes, 1.8 mM CaCl 2 , pH 7.5). Mature oocytes (stage IV-V) were separated and stored in ND96E (ND96 plus 2.5 mM pyruvate, 0.5 mM sodium phosphate, and 100 units/ml penicillin/streptomycin) at 18°C overnight prior to injection. mRNA was prepared using the mRNA capping kit (Stratagene, La Jolla, CA) by linearizing plasmids encoding PGT with XbaI and transcribing capped RNA using T7 RNA polymerase. 30 ng of mRNA in 50 nl of water were injected into individual oocytes using a microinjection apparatus. 50 nl of water were injected into oocytes as a control. Injected oocytes were incubated in ND96E for 2-3 days prior to isotopic PG influx and efflux studies. The incubation medium was changed daily.
Transport Measurements in Xenopus Oocytes
Influx Measurements-Preliminary experiments indicated that tracer PG uptake was the same in ND96 and BSS; accordingly, all fluxes were determined in the latter medium. In some cases sodium chloride was substituted with either choline chloride or lithium chloride. Tritiated prostaglandins were added to the flux media to reach a final concentration of 0.2-1.7 nM. A preliminary time course of PGTmediated [
3 H]PGE 2 uptake was performed over 3 h at room temperature. Subsequent influx experiments were performed over 30 min, during which PG uptake was linear with time. Groups of 10 -15 oocytes were placed in micro-Eppendorf tubes containing 500 l of the appropriate influx media and isotopic PG. Isotopic influx was terminated by removal of the flux media, followed by rapid transfer through two 1-ml washes of ice-cold 5% bovine serum albumin in BSS, followed by 2 additional washes of BSS. At the end of the transport assay, a 100-l aliquot of the flux media was measured by scintillation counting. Individual oocytes were transferred to 10-ml scintillation vials containing 500 l of 10% SDS, scintillation fluid was added, and the oocytes were counted. All influx values were calculated as femtomoles per oocyte per nanomolar concentration of substrate and expressed as means Ϯ S.E. The intracellular concentration of isotopic PG was calculated from the measured counts/min in an estimated oocyte aqueous volume of 450 nl (24) . All oocytes from a single experiment were obtained from the same frog. In some experiments, influx measurements were determined in the presence of inhibitors of organic anion transport (disulfonic stilbenes or niflumic acid), the water-soluble, thiol reactive anion MT-SES Ϫ , or its cationic version MTSEA ϩ . Inhibitors were preincubated with oocytes prior to the start of the transport assay and/or introduced with isotope where indicated. Some oocytes were voltage clamped by the addition of 100 mM KCl prior to the influx assay. The cell membrane potential was determined in oocytes in BSS or high [K] using standard microelectrode techniques. For trans-stimulation experiments, uptake assays were performed on oocytes immediately after injection with unlabeled PGE 2 or candidate substrates (␣-ketoglutaric acid, succinic acid, glutamic acid, aspartic acid, and lactic acid).
Efflux Measurements-Individual oocytes from a group in which PGT expression had been confirmed by tracer uptake were injected with 50 nl of BSS containing [ 3 H]PGE 2 . Immediately after injection, an individual oocyte was placed in a 1.5-ml micro-Eppendorf tube containing 200 l of BSS with or without unlabeled PGE 2 . At each subsequent 10-min time interval, 190 l of efflux media was removed for scintillation counting and 190 l of fresh efflux media was replaced. At the end of the experiment, the oocyte was lysed with 10% SDS (25) . The counts/min in the lysed oocyte was added to the sum of the effluxed counts to estimate the amount of isotope injected. The data were plotted as % cpm remaining versus time. Curve fitting was performed as described previously.
PG Binding
Intracellular binding of PG was determined by three methods. First, oocytes and HeLa cell monolayers were preincubated in 0.015% Triton X-100 (26) prior to incubation with BSS containing [ 3 H]PGE 2 . The degree of intracellular PG binding was determined by the increase in cell associated [ 3 H]PGE 2 in intact versus permeabilized cells. Second, oocytes were homogenized in a micro-Eppendorf tube using a pestle and the cell contents mixed in 1 ml of BSS media containing [ 3 H]PGE 2 in concentrations similar to those used in the transport assays (approximately 1 nM). The mixture (100 -200 l) was dialyzed against BSS (80 ml) using the Microdialyzer System 500 (Pierce) in the static mode. Prior to initiation of dialysis and at hourly intervals, 25-50 l were removed from a sample well and counted. Third, PGT-expressing oocytes were subjected to the usual [ 3 H]PGE 2 influx, washed, and mechanically lysed in BSS. The accumulated [ 3 H]PGE 2 was dialyzed as described above to determine the degree of intracellular binding.
Metabolic Breakdown of Intracellular PGE 2
To determine if the isotopic counts accumulated in PGT-expressing oocytes represented native PGE 2 or metabolites, PGT-expressing oo-cytes were subjected to a 30-min [ 3 H]PGE 2 uptake assay and washed as described previously. The oocytes were then extracted in 100% methanol, centrifuged in methanol at 14,000 ϫ g for 10 min, and the supernatant stored on dry ice for HPLC analysis. HPLC analysis with radiomatic detection was performed using a Phenomenex Ultramex C-18 column. The mobile phase was: A, H 2 O, 0.05% acetic acid with pH adjusted to 5.5 with ammonium hydroxide, and B, methanol:acetonitrile (1:1) at an initial composition of 10% B followed by a linear gradient to 55% B in 45 min and a second linear gradient to 100% B in the next 10 min at a flow rate of 0.2 ml/min. A sample of the initial isotopic influx media was used as a control.
Permeability Measurements
The PG permeability of PGT-injected oocytes compared with waterinjected oocytes was determined from the kinetics of isotopic PG influx and efflux. The PG permeability coefficient P (cm⅐s
Ϫ1
) was calculated from the relation Jsolute (mol⅐s
), where J is the solute flux, SA is the oocyte surface area (0.045 cm 2 ) assuming a smooth oocyte surface (24) , and ⌬ concentration is the difference in solute concentration between inside and outside the oocyte. In the influx experiments, we assumed that ⌬ concentration was the PG concentration in the influx media (no intracellular PG at the initiation of the assay). In the efflux experiments, we took ⌬ concentration as the concentration of intracellular PG, calculated from the mean intracellular isotopic PG during the efflux period.
Inhibitory Constants
Inhibitors were added at various concentrations during [ 3 H]PGE 2 uptake. K1 ⁄2 was determined by relating the uninhibited uptake rate to the inhibited uptake rate calculated from the relation,
where v ϭ uptake without inhibitor, v(i) ϭ uptake with inhibitor, and
was nearly 100-fold less than K m , the equation may be simplified to (27) .
Effect of ATP Depletion on PGT-mediated Influx
Some PGT-expressing oocytes were incubated in 3 mM iodoacetic acid in N 2 equilibrated BSS for 3 h prior to the transport assay. As a control, oocytes from the same group were incubated in standard air-equilibrated BSS without iodoacetate. The intracellular ATP concentration was also measured in similarly treated oocytes using an ATP assay (Sigma) based on the enzymatic reaction described by Bucher (28) .
RESULTS
PG Permeability of Native Plasma Membranes Is Low-It
has been previously reported that PGs at physiologic pH diffuse poorly across lipid bilayers. Here we determined the permeability coefficients (P), calculated from the means of the solute fluxes, for 10-min PGE 2 influx and efflux in native Xenopus oocytes (Table I) influx in oocytes increased as a function of the amount of injected mRNA (0 -25 ng/oocyte) and peaked 3-5 days after injection (data not shown). PGT caused significant increases in tritiated PG influx when compared with water-injected oocytes with the following rank order profile: PGF 2␣ Ϸ PGE 2 Ͼ TXB 2 Ͼ Ͼ 6-keto-PGF 1␣ . This is similar to the rank order of PGT expressed in mammalian cells (1) . In PGT-expressing oocytes, the permeability coefficients for PGF 2␣ , TXB 2 , and PGE 2 were increased 157-, 90-, and 49-fold, respectively, over that of water-injected oocytes. For 6-keto-PGF 1␣ and AA, the PGT-associated increase in permeability was only 7-and 1.5-fold, respectively, that of water-injected oocytes (Table II) .
In both PGT-transfected HeLa cell monolayers and PGTexpressing oocytes, influx rates showed an overshoot phenomenon. As shown in Fig. 2A, [ 3 H]PGE 2 influx in PGT-transfected HeLa cells showed a rapid accumulation of [ 3 H]PGE 2 over 10 min, a plateau by about 20 min, and then a return to baseline by 120 min. This time course is most consistent with a model of exchange whereby the accumulation of PG is coupled to the counterflow of another substrate down its concentration gradient, which is dissipated over time. As shown in Fig. 2B , [ 3 H]PGE 2 influx in PGT-expressing oocytes also showed an overshoot that peaked at approximately 150 min. The different time courses observed between the oocytes and HeLa cell monolayers are mostly attributed to their differences in cell surface area and volume. Based on the oocyte volume, apparent intracellular [PGE 2 ] plateaued at concentrations 25-fold that of the external PG concentration.
To determine whether this apparent concentrative uptake might simply represent passive entry followed by intracellular binding, we tested the effect of cell membrane permeabilization on PG uptake in oocytes. We reasoned that a maneuver to render plasma membranes permeable to small molecules the size of PG's (26) would either: (a) increase oocyte-associated counts if PG entry across the plasma membrane were the rate-limiting step in gaining access to intracellular binding site(s); or (b) decrease oocyte-associated counts, by introducing a leak pathway, if PGT served to actively accumulate PGs against a concentration gradient. Water-injected and PGT-expressing oocyte membranes were permeabilized with 0.015% Triton X-100 and subjected to tracer PGE 2 uptake. As shown in Fig. 3 (Fig. 2B) . The important point is that Triton decreased PG uptake, consistent with active, but not passive transport by PGT.
In addition, we determined the level of intracellular binding of PGE 2 uptake assay, after which their contents were extracted in methanol, centrifuged, and analyzed by HPLC. Of the total influxed counts, recovery in the supernatant was 95%. These extracted counts were subjected to HPLC analysis; the 5% retained in the pellet were not further analyzed. Virtually all of the counts in the uptake medium eluted at a retention time of 42.7 min, consistent with PGE 2 . A similar profile was seen for counts that had accumulated inside oocytes. Two very small peaks at 24.5 and 30.5 min represented 2% or less of the total counts (Fig. 5) 
PGT Transport Is Energy-dependent-
To test further the hypothesis that PGT-mediated uptake is active, we examined the degree to which transport is sodium dependent. PGT-expressing oocytes were preincubated in either BSS or sodiumfree BSS (substituted with either 140 mM choline or 140 mM lithium) for 2.5 h prior to a 30-min uptake assay. Uptake was then conducted either with or without extracellular sodium. Tracer uptake was not significantly changed in choline substituted media (3.7 Ϯ 0.2 fmol/oocyte), or lithium substituted media (2.8 Ϯ 0.3 fmol/oocyte) as compared with media containing sodium (3.2 Ϯ 0.3 fmol/oocyte).
We tested the effect of ATP depletion on [ 3 H]PGE 2 uptake by incubating PGT-expressing oocytes in either 3 mM iodoacetic acid under nitrogen gas or in BSS as a control for 3 h prior to the uptake assay. As shown in Fig. 6 , there was a 63 Ϯ 8% decrease in PGT-mediated uptake in ATP-depleted oocytes compared with controls (2.5 Ϯ 0.3 fmol/oocyte versus 6.8 Ϯ 0.7 fmol/oocyte). The intracellular ATP concentration of control oocytes (n ϭ 50) averaged 360 Ϯ 65 mol/dl, as compared with 50 Ϯ 65 mol/dl in oocytes (n ϭ 50) preincubated with 3 mM iodoacetate (73 Ϯ 19% decrease concentration). Thus, PGTmediated uptake varies with intracellular ATP concentration. Uptake under ice-cold conditions was also decreased by 85 Ϯ 4% compared with uptake performed at room temperature (1 Ϯ 0.2 fmol/oocyte versus 6.8 Ϯ 0.7 fmol/oocyte).
PGT Mediates [ 3 H]PGE 2 Transport via Anion Exchange-To determine whether PGT translocates its substrate as the neutral or the charged species, PGT-mediated [
3 H]PGE 2 influx was examined in the presence of the classic anion transport inhibitors, the disulfonic stilbenes, as shown in Fig. 7 . Groups of PGT-expressing and water-injected oocytes were preincubated with either BSS as a control or in varying amounts of H 2 -DIDS or DIDS (100 M to 5 mM) for 15 min before the tracer uptake. The addition of DIDS and H 2 -DIDS produced substantial inhibition of tracer PGE 2 uptake with inhibitory constants (K1 ⁄2 ) of 23 and 29 M, respectively. Incubation of PGT-expressing oocytes for 15 min with DIDS or H 2 -DIDS, followed by washing, restored subsequent tracer PGE 2 uptake to 80 and 65% of normal indicating reversibility (data not shown). In contrast, incubation for 40 min followed by washing, produced irreversible inhibition (DIDS, 0.6 Ϯ 0.1 fmol/oocyte; and H 2 -DIDS, 0.3 Ϯ 0.03 fmol/oocyte versus control, 1.5 Ϯ 0.5 fmol/oocyte) indicating covalent blockade. Another anion transport inhibitor, niflumic acid, also inhibited uptake with an estimated K1 ⁄2 of 150 M (data not shown). In other experiments, PGT-expressing oocytes were preincubated in media containing either the small, thiol reactive anion MTSES Ϫ or its cationic version MTSEA ϩ for 10 min prior to the transport assay and then washed. As shown in Fig. 8 
, MTSES
Ϫ pretreatment caused a dose-dependent reduction in subsequent [ 3 H]PGE 2 uptake. This effect was reversible by co-incubation in dithiothreitol (data not shown). On the other hand, pretreatment with the cationic version of the compound, MTSEA ϩ , had no effect on uptake. The data support a permeation model in which the substrate binding region of PGT contains fixed positive charges to concentrate anionic substrate within the pore to increase translocation. If the surface charges in the substrate translocation pathway are made more negative, i.e. by the introduction of MTSES Ϫ , then the concentration of anionic substrate within the pore pathway is reduced, leading to a decrease in transport.
The ability of PGT to mediate anion exchange in PGT-ex- 
FIG. 6. Energy dependence of PGT-mediated transport.
Control influx (PGT) was performed under the usual conditions at 25°C. Other oocytes were either incubated in 3 mM iodoacetate under nitrogen gas for 3 h prior to the uptake assay ("ATP depletion"), or the uptake assay was performed in the usual BSS but at 0°C. ent affinity for extracellular PGE 2 of approximately 290 nM. To confirm that this trans-stimulated component of efflux was indeed via PGT, the efflux was performed in the presence of BCG and DIDS. As shown in Fig. 9C , BCG and DIDS inhibited the trans-stimulated efflux in PGT-expressing monolayers. The corresponding curve-fitted rate constants are shown in Table  III .
In contrast, when [ 3 H]PGE 2 efflux in PGT-expressing HeLa cells was performed in the presence of BCG and DIDS, known inhibitors of PGT function, but in the absence of external PGE 2 , there was no inhibition of efflux (Fig. 9D) . These findings suggest that there is no PGT-mediated efflux in the absence of trans-substrate. Thus, PGT likely functions as an obligate anion exchanger.
We tested whether PGT-mediated anion exchange might be electroneutral or electrogenic by analyzing the effect of membrane depolarization on PGT-mediated PG influx. As shown in Fig. 10 , PGT-mediated influx decreased by 70% in the presence of high external [K] . In separate experiments, the cell membrane potentials of oocytes in 5 mM KCl BSS buffer versus 150 mM KCl BSS were Ϫ43 Ϯ 2.4 and Ϫ17 Ϯ 1.0 mV, respectively, confirming membrane depolarization under high [K] conditions. Similarly, preincubation of PGT-expressing oocytes with 4 mM BaCl 2 prior to the uptake assay, a maneuver shown to depolarize Xenopus oocytes (33) resulted in a decrease in uptake to 66 Ϯ 11% that of controls.
We began to test possible substrates for the proposed anion exchange system as follows: 1) we performed cis-inhibition experiments of PGT influx by adding candidate substrates during [
3 H]PGE 2 influx, and 2) we performed trans-stimulation experiments by injecting various compounds into PGTexpressing oocytes and examining the effect on tracer PGE 2 uptake. To the extent that molecules of carbohydrate intermediary metabolism are likely altered by the N 2 /iodoacetate experiment (above) and that there are high intracellular concentrations of these compounds, we reasoned that these may be candidate counterions. We considered the dicarboxylates, in particular, since a 1:1 exchange of these divalent anions with the monovalent PG would account for the effect of membrane depolarization. Furthermore, the uptake of the "prototypic" substrate of the organic anion transport system, para-aminohippurate, has been modeled to occur by exchange-driven transport of the dicarboxylate ␣-ketoglutarate (34) . However, addition of 1 mM ␣-ketoglutarate, succinate, asparate, glutamate, fumarate, oxaloacetate, malate, or lactate failed to change [ 3 H]PGE 2 uptake. Similarly, injection of ␣-ketoglutarate, succinate, asparate, glutamate, or lactate to increase intracellular levels by 1 mM also failed to change tracer PGE 2 uptake (data not shown). These results suggest that these are not substrates for PGT. DISCUSSION We functionally characterized transport properties of the prostaglandin transporter "PGT" as expressed in HeLa cells and X. laevis oocytes using labeled PGE 2 as substrate. In the present work, we have established the oocyte as a PGT expression system by demonstrating significant increases in labeled PG influx in PGT-expressing oocytes with the same substrate profile as that previously described in transfected HeLa cells. The baseline influx and efflux permeabilities for tracer PGE 2 in control oocytes were very low (Table I ). In contrast, PGT expression increased the permeability coefficient for influx of tracer PGE 2 by approximately 50-fold (Table II). The [ 3 H]PGE 2 uptake in both PGT-transfected HeLa cells and PGT-expressing oocytes displayed an overshoot characterized by time-dependent, saturable accumulation of substrate, followed by a gradual return to baseline (Fig. 2) . Calculation of the transmembrane gradient at peak accumulation of [ Accumulation of isotope could be misinterpreted as uphill transport of substrate if there were substantial intracellular binding. In this case, the cytosolic concentration of tracer PG just inside the plasma membrane would be maintained at a low level by continual off-loading onto the binding site, driving passive diffusion. Our data offer two compelling arguments against this possibility. First, using dialysis methods we took pains to identify PG binding capacity in the cytosol of oocytes, but found that this was negligible. Second, the response to detergent is in the wrong direction. If the plasma membrane represents a rate-limiting barrier in the access of PG to a significant intracellular binding site, then increasing the passive membrane permeability by a light detergent treatment should greatly increase oocyte-associated tracer counts. Instead, we found that counts decreased in the permeabilized oocyte (Fig. 3) . These results are not consistent with a binding sink, but rather suggest an active uptake model in which the detergent has introduced a route for the back-leak of tracer PG out of the cell.
Intracellular metabolism represents another mechanism by which a PG uniporter could be misinterpreted as causing uphill transport of tracer. In this scheme, PGE 2 would be metabolized inside the oocyte, thus maintaining the inwardly-directed gradient for native PGE 2 . We showed, however, that there is essentially no metabolism of tracer PGE 2 inside the oocyte (Fig.  5) , thus excluding this possibility.
Our data clearly indicate concentrative PG uptake. We have demonstrated that PG uptake varies with intracellular ATP, in that reduction of intracellular ATP levels by 73% was associ- ated with a reduction in PGT-mediated PG uptake of 63% (Fig.  6) . Analysis of the deduced amino acid sequence of PGT demonstrates no ATP binding motifs or homology to P-type ATPases. Rather, PGT shares a common structural motif with members of the "major facilitator superfamily" (35) . Hence, ATP is probably indirectly involved in PG transport.
Experiments in the present series exclude sodium-dependent PG uptake. These results confirm our previously published data using HeLa cells. In addition, our earlier studies showed that PGT-mediated uptake is neither Cl-nor H ϩ -dependent (1). PGT-mediated uptake exhibits an "overshoot," which is consistent with uptake coupled to the counterflow of a substrate down its concentration gradient, which is dissipated over time. Either a uniporter or antiporter can demonstrate this phenomenon. In the case of a uniporter, movement of substrate down its concentration gradient can occur in the absence of a transsubstrate. However, we observed no PGT-mediated transport in the absence of trans-PGE 2 , and there was no inhibition by BCG or DIDS under these conditions (Fig. 9, A and D) . In contrast, there was a 4 -5-fold increase in tracer PGE 2 efflux in PGT-expressing cells in the presence of external PGE 2 . Isotopic efflux experiments into varying concentrations of extracellular PGE 2 displayed an apparent K m for extracellular PGE 2 similar to that measured by cis-inhibition (290 nM) (31) . Furthermore, inhibitors of PGT-mediated uptake (Fig. 9C) bene disulfonates and niflumic acid, block PGT-mediated PG uptake (Fig. 7) . In addition, introduction of the small, watersoluble, anionic, thiol-reactive agent MTSES Ϫ blocks transport, whereas its cationic version (MTSEA ϩ ) does not (Fig. 8 ).
Inhibition of transport by MTSES
Ϫ by not MTSEA ϩ argues for the presence of fixed positive charges in the substrate translocation pathway. Other evidence from our laboratory also strongly argues for transport of the anion. First, site-directed mutagenesis of two conserved cationic amino acids (Arg-560 and Lys-613) in rat PGT abolishes transport, 2 suggesting that these residues play an important electrostatic role in substrate translocation. Second, removal of the 1-position carboxyl charge abolishes substrate affinity (31) .
To begin to test whether PGT-mediated anion exchange is electrogenic or electroneutral, we analyzed the effect of membrane depolarization on PG uptake. In the presence of high external [K] 2-fold) is similar to the change in the electrical driving force for a monovalent anion from a membrane potential of Ϫ43 to Ϫ17 mV (2.8-fold). This concordance is consistent with electrogenic anion exchange in which there is a net transfer of one negative charge out for each PG anion taken up.
Taken together, the data suggest that PGT-mediated influx of PGs may be coupled to the efflux of a counter-anion resulting in an net outward movement of negative charge. This counteranion (substrate "X") might be present at a high intracellular concentration and may be reduced by ATP depletion. An example is the exchange driven uptake of p-aminohippurate by ␣-ketoglutarate in the basolateral membrane of the renal proximal tubule. In this regard, we tested several divalent Kreb cycle intermediaries as candidates for substrate X. Unfortunately, we were unable to identify any that caused cis-inhibition of tracer PGE 2 uptake in PGT-expressing HeLa cells, or trans-stimulation of PGE 2 uptake.
Understanding the molecular mechanism of PGT transport may lead to insights into the molecular biology of other organic anion transporter proteins. The deduced amino acid sequence of rat PGT has 37% identity with a rat organic acid transporter called "oatp" (36) , and 35% identity with the recently identified rat organic anion transporter called OAT-K1 (37) . Although all three organic anion transporters have distinct substrate specificities (oatp transports charged steroids; OAT-K1 transports methotrexate), their deduced primary and putative secondary structure indicate that they are members of a family of organic anion transporters sharing a common mechanism. In the case of oatp and PGT, depletion of ATP led to a reduction in function. On the other hand, maneuvers to deplete ATP in OAT-K1 had no effect on function; however, ATP levels were not measured in the treated cells. Transport by all three transporters has been found to be sodium-independent. Substrate accumulation by OAT-K1 was unaffected by imposed Cl Ϫ and H ϩ gradients (37) whereas preliminary experiments with oatp suggest possible exchange-driven transport with HCO 3 Ϫ . Understanding the precise transport mechanisms of each of these transporters awaits further investigation.
What is the purpose of PG uptake for the organism? As discussed in the Introduction, carrier-mediated concentrative PG transport has been described in a variety of tissues, where it is felt to play a role in the metabolic clearance of PGs. Carrier-mediated PG removal appears necessary, since the plasma membrane appears to have a low intrinsic permeability to PGs. Indeed, our data demonstrate that the plasma membranes of control oocytes have a very low baseline PG influx permeability coefficient for several different PGs (Table I) , a finding that is in agreement with previous results obtained by Bito and Baroody (10) using the erythrocyte as a model membrane, as well as with our recently published data using HeLa cells (31) .
Eling and co-workers carried out an impressive analysis of the structural requirements needed for PGs to undergo metabolic clearance by the isolated, perfused rat lung (38) . Our laboratory recently published the substrate structural requirements of PGT (31) . A comparison of the two studies indicates that metabolic PG clearance by the rat lung and PG transport by PGT are virtually indistinguishable with regard to the structural requirements of the substrate molecule. Moreover, if inhibitors of PG transport are introduced into the perfused rat lung, there is decreased PG metabolism, as demonstrated by a decrease in the concentrations of the inactive oxidized derivatives and an increase in the concentration of the biologically active PG in the venous effluent (8, 17) . Interestingly, the inhibitor profile and K i values found for the perfused rat lung and for PGT are similar (bromcresol green, 2-4 M; indocyanine green, 16 M; furosemide, 25-80 M) (1). Furthermore, there is evidence that this uptake of prostanoids is concentrative and independent of Na ϩ -K ϩ -ATPase activity (13, 20, 32) . Thus, taken together with the present study our data strongly indicate that PGT most likely mediates the removal of PGs in the lung prior to their intracellular oxidation (6, 39, 40) .
The exact route by which newly synthesized endogenous PGs are released from cells remains uncertain. Cyclooxygenase types I and II have been localized to the endoplasmic reticulum, and modeling and immunological data suggest that the active sites face the endoplasmic reticulum lumen. Moreover, when fluorescent cyclooxygenase substrates are introduced into the cytosol, they appear to be activated there (22) . Thus, the standard paradigm is that newly synthesized PGs appear in the cytosol. If this were the case, then PGs would need to subsequently traverse the plasma membrane, either by simple diffusion or by a carrier-mediated mechanism (e.g. PGT). We have shown that PGs may exit the cell by simple diffusion (Fig. 1) ; however, it is unclear whether this slow rate of diffusion is sufficient to mediate PG release from cells. Preliminary data from our laboratory have localized PGT to renal cells that are known to release PGs, i.e. interstitial cells and collecting duct cells, 3 suggesting that PGT may play a role in PG release. Moreover, since we have shown that PGT can mediate both influx and efflux of PGs, it is possible that PGT may mediate PG release in specific cell types. An example of such a bidirectional transporter is erythrocyte band 3 ("AE1") which mediates bicarbonate uptake into erythrocytes in the pulmonary circulation, but bicarbonate release from erythrocytes in the periphery.
In summary, the present studies confirm, and significantly extend, our initial report on PGT as a novel prostaglandin transporter. In the present study, we have demonstrated PGTmediated accumulation of PGs via a mechanism that is consistent with obligatory, electrogenic anion exchange. The current model suggests that PGT may be involved with metabolic clearance and/or PG release from cells.
